Introduction
In bacteria, histone-like nucleoid-structuring protein (H-NS) and its functional homologs, such as Lsr2, recognize long adenine-thymine (AT)-rich DNA regions with low specificity and inhibit the expression of AT-rich genes (Dillon and Dorman, 2010; Dorman, 2004; Gordon et al., 2011; Grainger et al., 2006; Lucchini et al., 2006; Navarre et al., 2006; Oshima et al., 2006) . In general, the percentage of AT in the horizontally transferred elements of bacteria is greater than that in the host DNA (Nishida, 2012a; Rocha and Danchin, 2002) . Thus, gene expression from horizontally transferred elements is selectively repressed by H-NS and its homologs in a base composition-dependent manner.
Bacterial and archaeal genome base composition (guanine-cytosine [GC] content) has a great variation (Nishida, 2012a (Nishida, , 2013 . In addition, each bacterial species has different H-NS-like proteins that act on the genomic DNA. Phylogenetically different H-NS and its homologs are dispersed in bacteria (Gordon et al., 2011) and specifically bind to comparatively AT-rich regions in each genomic DNA. The transcriptional repression activity of H-NS is similar to that of the archaeal transcriptional regulator TK0471, a homolog of Pyrococcus furiosus TrmBL2 (Maruyama et al., 2011) , which forms filaments along the genome and responds to altering KCl concentrations. Interestingly, bacterial DNA mutation is biased: GC-to-AT mutations are more common than ATto-GC mutations (Hershberg and Petrov, 2010; Hildebrand et al., 2010; Lind and Andersson, 2008) . The genome base composition, therefore, has changed over the course of evolution. Thus, in bacteria and Archaea, each organism Archaeal histone distribution is associated with archaeal genome base composition (Received June 16, 2016; Accepted July 18, 2016 Science and Technology, Takayama, Ikoma, Japan A subpopulation of Archaea possesses histones, which are similar to eukaryotic histones H3 and H4. However, archaeal histones are smaller than H3 and H4, and are not post-translationally modified. In addition, the fundamental unit of archaeal histones might be a dimer. The organization of archaeal nucleosomes, therefore, differs from that of eukaryotic nucleosomes. The base compositions of archaeal genome are much more diversified than those of eukaryote and the archaeal histones have more diversified amino acid sequences, which are reflected by their varied isoelectric points. We hypothesized that the highly diversified archaeal genomic DNA base composition may cause the archaeal histone variation. Phylogenetic analysis revealed that the distribution of archaeal histones is associated with their genomic DNA base composition. This result strongly suggests that archaeal histones have evolved concomitantly with their genomic DNA base composition. Eukaryotic histones are one of the most evolutionarily conserved proteins and would limit the diversification of genomic DNA base composition. In contrast, archaeal histones have diversified and would permit the great diversification of genomic DNA base composition.
Key Words: archaeal histone; base composition-dependent DNA binding protein; eukaryotic histones H3 and H4; genomic DNA base composition; histone-like nucleoid-structuring protein may select base composition-dependent DNA-binding proteins to adapt to its genomic DNA sequence. In addition, DNA mutation may have a great effect on the protein evolution (Singer and Hickey, 2000) .
On the other hand, the diversity of the genomic DNA base composition of eukaryotes is restricted and has a normal distribution, with a peak GC content of approximately 40% (Nishida, 2012b List of Archaea used in this analysis.
Fig. 1. Comparison of maximum likelihood trees on archaeal histones and elongation factors.
A maximum likelihood tree was constructed using MEGA version 6 (Tamura et al., 2013) . We used the LG model (Le and Gascuel, 2008) as the best amino acid substitution model based on the Bayesian information criterion score using MEGA version 6. Nearest neighbor interchange was used as the maximum likelihood heuristic method. The initial tree was automatically generated. The g-distributed rate was considered and the number of discrete gamma categories was 5. Bootstrapping was performed with 1000 replicates. most eukaryotes is approximately 40% with a variation in different kingdoms and phyla (Li and Du, 2014) . Histones, one of the most conserved proteins among eukaryotes, interact with most regions of the eukaryotic genome. The histone binding DNA (nucleosomal DNA) and linker DNA regions have different sequence patterns Tillo and Hughes, 2009; Valouev et al., 2011) . In addition, in the fungus Aspergillus (50% GC content), the nucleosome occupancy (density) was the highest in DNA regions with approximately 54% GC content . Therefore, histones prefer sequences having a slightly higher GC content than the remaining DNA. Histones may be base composition-dependent, and the interactions between histones and DNA depend on post-translational modification of the histones (Kouzarides, 2007; Strahl and Allis, 2000) .
Based on present knowledge, a subpopulation of Archaea (in particular, phylum Euryarchaeota) possesses histones, which are similar to the eukaryotic histones H3 and H4 (Peeters et al., 2015) that forms a canonical nucleosome. Archaeal histones lack amino-and carboxy-terminal tails that are modified in eukaryotic H3 or H4 (Peeters et al., 2015) . Thus, archaeal histones are smaller than eukaryotic H3 and H4. In addition, Methanocaldococcus jannaschii and Methanosarcina acetivorans histones are not posttranslationally modified (Forbes et al., 2004) . Archaea lack H2A and H2B homologs. In addition, the basic functional unit of archaeal histones might be dimer (Maruyama et al., 2013; Pereira et al., 1997; Xie and Reeve, 2004) , and the multimers (including octamer) which might be formed by the interaction of dimers have been detected in Thermococcus kodakarensis (Maruyama et al., 2013) . Thus, the organization of eukaryotic histone-DNA complexes would be different from that of archaeal histones and DNA (Peeters et al., 2015) . We speculate that the archaeal histones have evolved to adapt to the differences in the genomic DNA base composition among archaeal species. Thus, we have investigated the relationship between archaeal histones and genome base composition.
Materials and Methods
We selected 53 Archaea (Table 1) , and Saccharomyces cerevisiae was selected as an outgroup. In the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/ kegg/), 93 histone proteins from the 54 organisms were used in this study. Owing to the small size of archaeal histones, phylogenetic reconstruction was performed using only 52 amino acid sites. Multiple alignment was conducted using CLUSTAL W (Thompson et al., 1994) . A maximum likelihood tree was constructed using MEGA version 6 (Tamura et al., 2013) . We used the LG model (Le and Gascuel, 2008) as the best amino acid substitution model based on the Bayesian information criterion score using MEGA version 6. Nearest neighbor interchange was used as the maximum likelihood heuristic method. The initial tree was automatically generated. The g-distributed rate was considered and the number of discrete gamma categories was 5. Bootstrapping was performed with 1000 replicates.
The theoretical isoelectric point (pI) of each histone was calculated using the ExPASy ProtParam tool of the Swiss Institute of Bioinformatics (web.expasy.org/protparam). The correlation coefficient and the scatter plot between genomic GC content and the GC content of histone genes were calculated using the software R (www.r-project.org).
Results and Discussion
We first examined the copy number variation in histone genes. Methanosphaera stadtmanae has the highest copy number (6 genes) among the 53 Archaea (Table 1) , which is consistent with a previous observation (Malik and Henikoff, 2003) . These six histones showed variations in their theoretical pIs (Table 2) . Thirty-three of the 53 Archaea have only one histone gene (Table 1) , indicating that these 33 Archaea cannot generate histone heteromers. Nanoarchaeum equitans has the smallest genome (0.49 Mbp) among the 53 Archaea (Table 1) , which has two histones (Cubonová et al., 2005) .
Variation was also observed in the length of archaeal histones in comparison with eukaryotic histones. Halobacterial histones were more than 140 amino acids long owing to an end-to-end duplication of the histone fold (Malik and Henikoff, 2003) , while the other archaeal histones were less than 70 amino acids long. Although the carboxy-terminal regions (approximately 70 amino acids) of halobacterial histones were similar to other archaeal histones, the amino-terminal regions (approximately 70 amino acids) were halobacteria-specific (data not shown). Eukaryotic histones have high pIs (O'Farrell et al., 1977) , indicating the involvement of ionic bonds in nucleosome formation. However, the pIs of halobacterial histones were quite low (Table 2 ). In addition, pIs of archaeal histones are highly diversified from acidic to basic (Table 2) , suggesting that the archaeal histones may have diversified. This may reflect the functional diversification of archaeal histones, which is supported by recent analysis; the Halobacterium salinarum histone, HpyA, does not function as the factor to wrap genomic DNA, but functions as the transcriptional regulator (Dulmage et al., 2015) .
In the maximum likelihood phylogenetic tree (Fig. 1) , archaeal histones of organisms with similar genomic GC contents formed a monophyletic cluster. In the phylogenetic tree based on the archaeal histones, Archaeoglobus fulgidus, Ferroglobus placidus, and Geoglobus acetivorans are closely related to Palaeococcus pacificus (genome GC content of 43.0%), Pyrococcus horikoshii (41.9%), and Thermococcus kodakarensis (52.0%), whose genomes have a similar base composition to those of A. fulgidus, F. placidus, and G. acetivorans. In contrast, the phylogenetic relationships based on elongation factors 1-alpha ( Fig. 1) were similar to those based on 273 archaeal homologous proteins (Petitjean et al., 2015) . In the phylogenetic tree based on the elongation factors, A. fulgidus (genome GC content of 48.4%), F. placidus (44.1%), and G. acetivorans (46.8%) are closely related to Methanocaldococcus jannaschii (31.3%), Methanococcus maripaludis (33.1%), Methanothermococcus okinawensis (29.3%), and Methanotorris igneus (32.3%), whose genomes have a different base composition from those of A. fulgidus, F. placidus, and G. acetivorans. These results suggest that archaeal histones may have, at least partially, evolved to adapt to the genomic DNA base composition or that the genomic base composition has been affected by the evolution of archaeal histones.
The phylogenetic tree indicated that duplication of the histone gene had occurred at different points during evolution. Some archaeal histones of the same organism localized to different clusters. For example, although Nanoarchaeum equitans NEQ348 is closely related to Geoglobus acetivorans GACE 1689, Nanoarchaeum equitans NEQ288 was closely related to Methanococcus maripaludis MMP0386, Methanotorris igneus Metig 1493, and Methanothermococcus okinawensis Metok 0572 (Fig.  1) , which clustered together. In addition, Methanocella paludicola MCP 2661 clustered with Methanosaeta thermophila Mthe 0023. These results suggest that some archaeal histone genes have been transferred horizontally.
In Archaea, genomic GC content shows great variation (from 27.6% to 65.7%; Table 1 ). According to the genomic GC content variation, archaeal histones have variations of the amino acid sequence, while those of eukaryotic histones are relatively conserved (Li et al., 1985) . As mentioned above, archaeal histones lack the amino-and carboxy-terminal tails that are modified in eukaryotic H3 or H4 (Peeters et al., 2015) . Archaeal histones are not posttranslationally modified (Forbes et al., 2004) . Some Archaea have small chromosomal proteins besides histones (Maruyama et al., 2011; Peeters et al., 2015) . For example, TK0471 forms stiff filaments and represses the transcription in T. kodakarensis (Efremov et al., 2015; Maruyama et al., 2011) . In addition, TK0471 antagonizes the DNA binding of histones, and the T. kodakarensis chromosome also includes another protein, Alba (Maruyama et al., 2011) . Considering these findings, we speculate that the biological importance of archaeal histones may be partly similar to the function of bacterial base composition-dependent DNA-binding proteins which participate in the formation of the nucleoid structure (Dame, 2005) and function as transcriptional regulators (Henneman and Dame, 2015; Peeters et al., 2015) , like H-NS, in cooperation with other chromosomal proteins. To evaluate our speculation, further biochemical and genetic analyses of the functions of archaeal histones are needed.
Most bacteria and Archaea have the life cycle of a single cell and thus each cell is directly exposed to the envi-ronment, which may be essential to gain and lose genetic elements in the course of their evolution. In natural environments, each cell may be attacked by extracellular elements, such as viruses and plasmids. Bacteria and Archaea should have selected horizontally transferred elements to maintain their species' identity. H-NSs and archaeal histones may play an important role in the defense against horizontally transferred genetic elements (Navarre et al., 2007) . On the other hand, eukaryotic genomic DNA is compacted and maintained in the nucleus with bound eukaryotic histone proteins. It is uncertain whether nucleosome and chromatin formation are related to the defense against horizontally transferred elements. Bacteria and Archaea have variations in genomic DNA base composition and various base composition-dependent DNA binding proteins during evolution. On the other hand, eukaryotes have a conserved DNA base composition and conserved base composition-dependent DNA binding proteins (histones) during evolution. It is possible that the functional variations of eukaryotic histones are dependent on the alteration of the nuclear structure and histone modification system, instead of the diversification of the amino acid sequences of archaeal histones.
